Objectives: Temperature controlled radiofrequency volumetric tissue reduction (RFVTR) of the tongue base is a minimally invasive technique for the treatment of obstructive sleep apnea. But despite its widespread use, little is yet known about in vivo effects in humans. Such knowledge would be essential for evidence-based criteria in the selection of energy application. Methods: In a preparatory in vitro study, porcine tongues were preserved in growing medium. Lesions with different amounts of energy were applied, and maximum diameters were assessed. In the in vivo study, 11 patients were treated with RFVTR at the tongue base by employing different energy levels (800, 600, 400, or 200 J) on two application sites. Magnetic resonance imagery scans were performed 4 to 6, 8 to 10, and 24 hours after surgery. An inversion recovery technique was used to visualize the lesions. Results: RFVTR created lesions at the porcine tongue from 50 J and higher. Maximum lesion sizes were achieved with 400 J. In vivo, all the lesions were clearly visible in the postoperative scans. Lesion size increased with the amount of energy applied. Maximum diameters were created from 600 J and higher. Higher amounts of energy only resulted in a slight increase in lesion length. Conclusions: The application of 600 J at 85°C leads to optimal lesion sizes. Higher amounts of energy will not lead to a relevant increase in tissue necrosis. With regard to the time needed for application, 600 J appears to be the ideal adjustment for energy delivery in the treatment of the human tongue.
INTRODUCTION
Due to its minimally invasive character, temperature controlled radiofrequency volumetric tissue reduction (RFVTR, or Somnoplasty) has received increasing attention in the treatment of sleep-disordered breathing in recent years. Especially in the treatment of obstructive sleep apnea caused by hypopharyngeal obstruction, radiofrequency surgery is the only minimally invasive technique that can be performed under local anesthesia as an outpatient procedure. It has been shown that tongue-base RFVTR is accompanied by only a minor percentage of postoperative morbidity and complications. 1, 2 Performed as a single procedure in obstructive sleep apnea, cure rates of approximately 40% can be achieved. 1, 3 A combination of this procedure in the context of multilevel surgery appears to be feasible. 2 Despite its widespread use, little is known about the in vivo effects of RFVTR of the tongue base in humans. In initial publications, extensive data are given concerning lesion formation in an animal model, 4 but no data exist concerning lesion size in relation to energy application in humans. Such data would be crucial to develop concrete and evidence-based criteria in the selection of technical parameters for energy application process.
In earlier studies, we developed a standardized protocol for the evaluation of upper airway soft tissue anatomy with magnetic resonance imaging (MRI), and we could demonstrate that this protocol generates results of high reproducibility and stability. 5 Furthermore, we were able to show that RFVTR lesions of the tongue base can be clearly visualized with the help of special sequences for MRI. 6 The aim of the present study was to quantify RFVTR lesions of the tongue base in an improved porcine in vitro model as well as in a human in vivo model with clinically relevant specifications and then to establish a relationship between lesion formation and energy application to give evidence-based suggestions for energy application in humans. Mannheim. The study protocol was approved by the local ethical board of the Faculty of Clinical Medicine, Mannheim, of the University of Heidelberg. The study was performed in accordance with the declaration of Helsinki. Written informed consent was obtained from all the participating subjects.
MATERIALS AND METHODS

RFVTR Procedure
The Somnoplasty Generator (Model S2, Gyrus ENT, Bartlett, TN) was used for the delivery of radiofrequency energy. The SP 1200 single tongue-base needle was selected as a needle device (length of active electrode 1 cm, thickness approximately 1 mm). Target temperature was set to 85°C, and maximum power was set to 10 W.
In Vitro Study
Fresh porcine tongues were provided by the central slaughter house in Mannheim directly after slaughtering and were immediately brought into the laboratory for investigation. The tongues were preserved and treated in growing medium (RPMI, Gibco-BRL, Karlsruhe, Germany) at 37°C. Five lesions, each with 50, 100, 150, 200, 250, 300, 400, 600, and 1,000 J were evaluated, and the maximum diameters of the lesions were assessed after slicing the tongues at the places of the application sites.
Patients
Eleven patients (5 male, 6 female; mean age 48 years; mean body mass index 27.4 kg/m 2 ) with sleep-disordered breathing (5 obstructive sleep apnea, 3 primary snoring, 3 upper airway resistance syndrome) were treated with RFVTR at the base of tongue. Two separate lesion zones were selected for the treatment sessions in approximately 1 cm distance from the midline to create two distinctive lesions. The application sites are shown in Figure  1 . Three patients were treated with 800, three with 600, and three with 400 J (6 lesions per energy level); two patients were treated with 200 J (4 lesions in total). All the procedures were performed under local anesthesia, and the needle was placed through the posterior dorsal mucosal surface. Prilocaine 1% with adrenaline 1:200,000 was used as local anesthetic, and midazolam was used for sedation with monitoring with electrocardiogram and pulse oximetry.
MRI Measurements
MRI scans were performed 4 to 6, 8 to 10, and 24 hours after surgery. All the investigations were performed in the supine position using a combined head and neck coil as described in earlier publications. 5, 6 The subjects were advised not to swallow and not to move during the measurements.
The measurements were performed on a 1.0 Tesla Magnetom Harmony (Siemens AG, Medical Technologies, Erlangen, Germany). After a multiplanar localizing sequence, imaging followed in sagittal and coronal orientation using a T1 Turbo-SpinEcho Sequence.
To visualize the lesions, an additional sequence with an inversion recovery technique (TIRM) in sagittal and coronal orientation was used. This sequence reveals water accumulation (edema, inflammation, etc.) and has been shown to be sensitive to radiofrequency lesions. 6 Technical specifications for this sequence were as follows: time of repetition 3,963 milliseconds, time of inversion 130 milliseconds, time of echo 60 milliseconds, turbo factor 11, slice thickness 4 mm, field of view 250 mm, matrix 187 ϫ 512, two acquisitions, 5 minutes and 44 seconds per plane.
Data Analysis
The MagicView 1500 Workstation (Siemens AG, Medical Technologies, Erlangen, Germany) was used for the evaluation of the data. Maximum diameters of the lesions were assessed in the coronal and sagittal plane, whereas maximum length was assessed only in the sagittal plane (coronal plane is nonparallel with the plane of needle insertion).
RESULTS
In Vitro Results
RFVTR created distinctive lesions at the porcine tongue from 50 J and higher. The maximum lesion size increased as energy levels increased. With respect to mean diameters, maximum lesion sizes were achieved with 400 J. Higher amounts of energy required more time for application but did not result in larger lesions. Application times and maximum diameters for the different energy levels are shown in Table I , and maximum diameters and mean values are shown in Figure 2 .
MRI Measurements
All lesions were clearly visible in the postoperative TIRM sequences at all three time points. Lesions appeared as hypointense areas with a surrounding hyperintense edema. Two examples are shown in Figures 3  and 4 . In Figure 3 , a slight hyperintensity can be seen at the anterior ventral mucosal surface (although the needle was inserted through the posterior dorsal surface), which was caused by the trauma induced by the pulling out of the tongue that usually occurs with a minor hematoma of the floor of mouth. At the time of immediate postoperative measurements (4 -6 hours after surgery), the maximum diameter and the maximum length of the lesions had increased in accordance with the amount of energy applied. Maximum diameters were created at 600 J. Applying 800 J did not lead to a relevant increase in maximum diameters of the lesions (8.3 Ϯ 1.1 mm for 600 J vs. 8.4 Ϯ 1.1 mm for 800 J). Only the maximum length of the lesions increased further (10.9 Ϯ 1.3 mm for 600 J vs. 11.5 Ϯ 1.8 mm for 800 J). Lesion sizes and mean values are shown in Figures 5  and 6 . Time needed for energy application per lesion (mean values) was 4 minutes and 11 seconds for 600 J and 5 minutes and 51 seconds for 800 J. The lesions appeared stable in diameter and at the time of subse- quent scans 8 to 10 and 24 hours later. The maximum diameters and lengths of the lesions at the different time points are shown in Table II (mean values) .
DISCUSSION
The present study focused on lesion formation with RFVTR of the tongue base in a porcine in vitro model as well as in a human in vivo model, the latter with the help of postoperative MRI measurements.
In the in vitro model, it was demonstrated that lesions increased in size as energy delivery was intensified. A maximum lesion size was achieved at 400 J. Compared with the porcine pilot study of Powell et al., 4 the lesions we achieved were smaller in size. The differences in lesion size could be because of the fact that we used a porcine in vitro model, whereas Powell et al. used a porcine in vivo model. Energy convection caused by vascular blood flow may be responsible for the bigger lesions in the porcine in vivo model. In consideration of the maximum diameters reported in the publication of Powell and coworkers, the lesions also appeared to be stable from 600 J to 1,700 J. Only the lesion appearing with 2,400 J was larger, although this appeared with only a single measurement with one pig. Looking at the in vivo study, we saw that the appearance of the RFVTR lesions on the MRI scans (hypointense areas with surrounding hyperperfusion) was in accordance with studies where radiofrequency surgery has been used for stereotactic intervention of the human brain 7 or in the treatment of prostate cancer. 8 The maximum diameters of the lesions were larger compared with the in vitro measurement. This may be caused by differences in human and porcine tissue. More likely, this is a result of the fact that, in the vital tongue, local perfusion leads to larger lesion formation because of the dispersion of energy, as already mentioned above.
Again, there was a ceiling effect for maximum diameters of the lesions. This was between 600 and 800 J in the human in vivo model, which, with the in vitro results, underlines the idea of bigger lesions in vital tissue.
The idea of a ceiling effect is in accordance with theoretical considerations of the application of radiofrequency energy. The constant application of energy at the site of the needle results in a rise in temperature in the surrounding tissue. The maximum temperature at the site of the needle is predetermined; at different distances from the needle, distinctive isotherms are created on the basis of a balance of energy delivery and energy removal caused by thermal conduction and perfusion. When this balance is achieved, further energy delivery will not result in an increase of lesion size.
The maximum length of the lesions increased up to 800 J. Overall maximum length was 13.7 mm compared with 10 mm needle length. This is in contrast with the in vitro measurements in which lesions did not exceed needle length. According to the MRI measurements, lesions appear as elliptical structures. Further increase in length without an increase in diameter can hardly be imagined. The increase in length may be caused by minimal changes in the extent of needle penetration. This may be caused by movement of the surgeon or of the patient, especially in connection with swallowing. Displacements only lead to thermic effects in the case of long application times.
The volume of a three-dimensional structure based on an ellipsoid can be calculated with the following formula: 4/3 ϫ ϫ d ϫ r 2 (d ϭ length, r ϭ radius ϭ diameter/ 2). This demonstrates a superior effect of changes in diameters compared with changes in length.
For the present study, however, we did not use this formula because even minimal inaccuracies, which are always associated with the MRI measurements, will lead to significant deviations for such small volumes. For the same reason-the limited accuracy of the measurements in relation to the small volume sizes-we did not use the software for volumetric assessments that is usually provided with MRI scanners.
The minimal additional effects of applying 800 as opposed to 600 J go with an increase in duration of energy application. The time needed for this procedure is one of its limiting factors, especially if it is performed under local anesthesia. If four lesions were set at a treatment session, mean duration of energy application based on the above given results is 23 minutes for 4 ϫ 800 J as opposed to 17 minutes for 4 ϫ 600 J.
CONCLUSION
On the basis of the presented results, the application of 600 J at 85°C leads to maximum diameters of the lesions. Applying higher amounts of energy will not lead to a relevant increase in tissue necrosis and therefore may not have relevant additional clinical effects. Because the application takes a considerable amount of time, 600 J appears to be the ideal adjustment for energy delivery in the treatment of the human tongue base.
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